Because transmission of porcine reproductive and respiratory syndrome virus (PRRSV) can occur through boar semen, it is important to identify persistently infected boars. However, even for boars given the same PRRSV strain and dose, variability in the duration of viral shedding in semen has been observed, suggesting that host factors are involved in PRRSV persistence. To determine whether there are host genetic factors, particularly litter and breed differences related to the persistence of PRRSV, 3 litters from 3 purebred swine breeds were used for this study. It was also determined whether PRRSV could be detected for a longer period of time in serum, semen, or peripheral blood mononuclear cells (PBMC) and if PRRSV could still be detected in tissues after these antemortem specimens were PRRSV negative for a minimum of 2-3 weeks. Three Hampshire, 3 Yorkshire, and 2 Landrace PRRSV-naïve boars were obtained and inoculated intranasally with a wildtype PRRSV isolate (SD-23983). All boars within each breed were from the same litter, and litters were within 9 days of age. Serum and PBMC were collected twice weekly from each boar and analyzed for the presence of PRRSV by virus isolation and the polymerase chain reaction (PCR). Serum was also used to obtain virus neutralization titers and enzyme-linked immunosorbent assay S/P values. Semen was collected twice weekly from 7 of 8 boars and analyzed by PCR. After all specimens were PRRSV negative for a minimum of 2-3 weeks, each boar was euthanized, and 21 tissues plus saliva, serum, feces, and urine were collected. All postmortem specimens were evaluated by virus isolation. Specimens that were PRRSV negative by virus isolation were then evaluated by PCR. The mean number of days (ϮSD) for the duration of PRRSV shedding in semen was 51 Ϯ 26.9 days, 7.5 Ϯ 4.9 days, and 28.3 Ϯ 17.5 days for Landrace, Yorkshire, and Hampshire boars, respectively. Because of small sample sizes and large SDs, the differences in duration of PRRSV shedding in semen between breeds were not considered significant. However, the trend suggested that Yorkshire boars were more resistant to PRRSV shedding in semen than were Landrace boars, requiring further investigation using a larger numbers of boars. PRRSV was detected for a longer period in semen than in serum or PBMC in 4 of 7 boars. Viremia could be detected for a longer period in serum than in PBMC in 6 of 8 boars. After a minimum of 2-3 weeks of PRRSV-negative serum, semen, and PBMC, PRRSV could still be detected in the tonsil of 3 of 8 boars by virus isolation, indicating that boars still harbor PRRSV within the tonsil even though antemortem specimens are PRRSV negative.
Porcine reproductive and respiratory syndrome (PRRS) is an economically devastating disease of swine throughout the world. 23, 24 The syndrome affects pigs of all ages, causing poor conception, late-term abortions, stillborn and weak live-born pigs, and respiratory symptoms and high mortality in suckling, weaned, and grow-finish pigs. 27, 37 The etiologic agent for this syndrome is a small RNA virus originally isolated in 1991 in The Netherlands (Lelystad virus [LV] ). 37 Subsequently, a similar virus (PRRSV) was isolated in the USA. 1, 10 Both LV and US PRRSV isolates are classified in the family Arteriviridae in the newly created order Nidovirales, which also includes lactate dehydrogenase-elevating virus of mice, equine arteritis virus (EAV), and simian hemorrhagic fever virus. 1, 3, 10, 11, 25 Pig to pig contact, aerosols, and semen have all been implicated in the transmission of PRRSV. 24, 39, 40 Because the use of artificial insemination is increasing worldwide, there is concern that PRRSV-contaminated semen may be widely disseminated via this route. Evidence of intrauterine transmission of PRRSV has been demonstrated through seroconversion and the identification of PRRSV in ovaries, tonsils, and lymph nodes of gilts or sows inseminated with PRRSV-contaminated semen. 17, 28, 33, 40 Therefore, it is important to identify boars and boar semen that may transmit the virus. Previously PRRSV has been identified in semen primarily through the use of the polymerase chain reaction (PCR). [4] [5] [6] [7] [8] [9] 22, 30, 31 This is a useful diagnostic technique because boar semen may be toxic to cells on which the virus is grown, preventing virus isolation (VI), and because swine bioassays are time consuming and expensive. 6, 34 Also, detecting boars that have seroconverted to PRRSV may not always correlate with PRRSV shedding in semen. 6 Using PCR, the duration of PRRSV shedding in semen has been studied, demonstrating variability in the duration of viral shedding among boars. Differences in severity of disease and lung lesions among 3 purebred swine breeds has also been demonstrated, indicating that host factors are important in the persistence and pathogenesis of PRRSV. 19 Because of these breed differences and the variability among boars in shedding duration, it is important to understand virus strain effects and host factors influencing the severity of PRRSV infection and persistence. 12, 14, 18, 19 Therefore, the first objective of this study was to determine whether host genetic factors, particularly litter and breed, are related to the duration or persistence of PRRSV shedding in semen. For persistently infected boars, it has been previously documented that PRRSV remains in semen longer than in serum. 6, 22, 34 Studies have also detected PRRSV in peripheral blood mononuclear cells (PBMC), and there are questions regarding whether PBMC might be used to detect persistently infected animals (Kolb JR: 1998, Am Assoc Swine Pract 1998: 413-418 [abstract]; Rowland RR, et al.: 1996, Conf Res Workers Anim Dis abstract 189). 8, 36 Subsequently, the second objective was to determine whether PRRSV could be detected for a longer period of time in serum, semen, or PBMC in the boar. This information would be useful for test and removal programs. 13 The third objective was to determine whether boars actually clear the virus after it can no longer be detected in these antemortem specimens. If PRRSV could be detected in tissues after serum, semen, and PBMC are PRRSV negative, there could still be a risk of transmission. These findings could be used to prevent dissemination of PRRSV through boars and boar semen and to ensure a PRRSVfree semen supply.
Materials and methods
Animals. Eight purebred boars were utilized for this study: 2 Landrace (L68-9, L68-10), 3 Yorkshire (Y71-4, Y71-5, Y71-9), and 3 Hampshire (H291-4, H291-6, H291-7). All boars were obtained from the same source farm. This boar stud facility has tested PRRSV seronegative for several years on a monthly basis and has had no clinical signs of PRRSV infection. For biosecurity, boars coming into this source herd are tested for PRRSV antibodies prior to arriving at the boar stud facility, are held for 2 isolation periods, and tested again before and after leaving the isolation barns to confirm a PRRSV-seronegative status. The boars obtained for this study were again confirmed as PRRSV negative by a commercial enzyme-linked immunosorbent assay ELISA a on arrival and 2 wk later, prior to experimental PRRSV in-oculation. Originally, 9 boars were selected at farrowing, held at the farm source until they were 6-7 mo of age, trained for semen collection, and then shipped to South Dakota State University. One Landrace boar died of undetermined causes prior to shipping. The Landrace and Hampshire boars were born 9 days prior to the Yorkshire boars.
Experimental protocol. On arrival, all boars were housed individually in separate isolation rooms but shared a common mounting dummy for semen collections. Boars were acclimated for 2 wk prior to PRRSV inoculation. During this time, serum and semen were collected 2 and 4 times, respectively, from each boar except boar Y71-9, which was lame throughout the study and was not used for semen collection. After the 2-wk acclimation, all boars were inoculated intranasally with 1 ml/naris of PRRSV isolate SD-23983 (1.2 ϫ 10 6 fluorescent focus units/ml). This isolate was obtained in 1992 at South Dakota State University from a field case submission involving respiratory and reproductive symptoms. The entire nucleotide sequence has been determined for this isolate, indicating that it is very similar to the prototypical US VR-2332 isolate used in previous studies. 6, 8, 9 Semen, serum, and PBMC were collected twice weekly. Samples were collected until all results were PRRSV negative by VI and PCR for a minimum of 2-3 wk. This 2-3wk period was determined by the specimen (serum, semen, or PBMC) that remained PRRSV positive for the longest period of time for each boar. The boar was then euthanized, and 21 tissues plus serum, urine, feces, and saliva were obtained.
Virus isolation from serum, PBMC, and tissues. Isolation of PRRSV from serum, PBMC, and tissues was performed as previously described, except MARC-145 cells were used for propagation and 2% horse serum was utilized in the replacement medium. 20, 29 After incubation at 37 C for 72 hr, the presence of virus was confirmed by a direct fluorescent antibody technique using the SDOW17 monoclonal antibody. 26 Processing of whole blood to obtain PBMC. Ten milliliters of heparinized blood was obtained from each boar, diluted 1:5 with sterile phosphate-buffered saline (PBS), and layered onto 10 ml of Histopaque 1077. b The sample was centrifuged at 450 ϫ g for 25 min, and the PBMC interface was obtained. PBMC were then washed twice with PBS and resuspended in PBS for VI and PCR analysis.
Semen processing. Whole semen was collected with a gloved-hand technique 21 using an insulated container and a gauze filter to remove the gel fraction from the ejaculate. Ten to 15 ml of whole semen was then centrifuged at 600 ϫ g for 20 min. The majority of the seminal plasma fraction was removed, and the cell fraction was used for PCR.
PCR assay for serum, PBMC, semen, and tissue. The PCR assay has been previously described. 6, 7 Serum, PBMC, semen cell fraction, or tissue homogenates (500 l) was added to an equal volume of lysis buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7, 0.5% sarkosyl) and a phenol : chloroform : isoamyl alcohol extraction was performed. A nested reverse transcriptase PCR assay was then performed using primers designed from open reading frame 7. Nested PCR products were visualized using an ethidium bromide-stained agarose gel. The sensitivity of this assay 
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Serum VI Serum PCR PBMC VI PBMC PCR Semen PCR has been previously determined to detect as few as 10 virions (1 log virus/ml). 7 Virus neutralization and ELISA. Virus neutralization (VN) tests and ELISAs were performed once weekly. The VN test was performed as previously described. 1 The commercial ELISA a was used to detect antibodies to PRRSV according to the manufacturer's instructions. Serum was considered to contain antibody to PRRSV if the VN titer or S/ P value was Ն1:4 or Ն0.4, respectively.
Gross pathology and histopathology. All boars were necropsied after semen, serum, and PBMC were PRRSV negative for a minimum of 2-3 wk. Gross and histologic findings were evaluated for iliac, submandibular, mesenteric, and penile lymph nodes, tonsil, thymus, spleen, testicle, epididymis, ductus deferens, prostate, bulbourethral gland, penis, vesicular gland, lung, heart, liver, kidney, brain, and small intestine (ileum) from each boar.
Statistics. A 1-way analysis of variation with completely randomized design and a P-value of Յ0.05 was utilized to determine whether the mean duration of PRRSV shedding in semen was significantly different among breeds and among litters.
Results
The mean (ϮSD) number of days for the duration of PRRSV shedding in semen was 51 Ϯ 26.9, 7.5 Ϯ 4.9, and 28.3 Ϯ 17.5 days for Landrace, Yorkshire, and Hampshire boars, respectively (Tables 1-3) . However, because of small sample sizes and large SDs, the differences in PRRSV duration were not considered significant (P ϭ 0.1746). PRRSV was detected for a longer period in semen than in serum or PBMC in 4 of 7 boars (Tables 1-3 ). PRRSV was detected in serum by VI for the same amount of time as in PBMC in 4 of 8 boars and for a longer period of time in serum than PBMC in the remaining 4 of 8 boars, so there did not appear to be an advantage to using PBMC compared with serum to detect persistent viremia (Tables  1-3 ). There was an advantage in using PCR rather than VI on either serum or PBMC because PCR detected viremia for a longer period of time in 6 of 8 boars (serum) and 4 of 8 boars (PBMC). However, using PCR, viremia was detected only intermittently after 11 days postinfection (DPI) in some boars (Tables 1-3) .
All boars acquired antibodies to PRRSV as detected by ELISA between 11 and 14 DPI (Tables 1-3 ). Virus neutralization titers were detected between 25 and 46 DPI from 7 of 8 boars; however, neutralizing antibodies were not detected from 1 boar (Y71-5; Tables 1-3 ). This boar probably would have acquired neutralizing antibodies after 40 DPI if he had not been euthanized at that time. There was no specific correlation between the time ELISA or VN antibodies appeared and the duration of PRRSV shedding in semen.
After a minimum of 2-3 weeks of PRRSV negative semen, serum, and PBMC, PRRSV was still found 
* ϩϩ ϭ detection of PRRSV antigen following tissue supernatant inoculation on MARC-145 cells, suggesting infectious virus; ϩ ϭ presence of nested 236-bp PCR product; Ϫ ϭ no detection of virus in tissues by VI or PCR. within the tonsil of 3 of 8 boars as detected by VI (Table 4 ). Viral replication within the tonsil was found only in boars euthanized at 40 (2 boars) or 47 (1 boar) DPI. However, replicating PRRSV was not observed in the remaining boars euthanized at 47 DPI (3 boars), 61 DPI (1 boar), or 88 DPI (1 boar; Tables 4-6). A few tissue samples were toxic to the cell monolayer, so they could not be evaluated by VI, i.e., the testicle and ileum of boar Y71-5, tonsil of boar Y71-9, and testicle of boar H291-4. Because the tonsil of boar Y71-9 and the testicle of boar Y71-5 were PRRSV positive by PCR, these tissues may also have been PRRSV positive by VI. Seven of 8 boars were PRRSV positive in various tissues as detected by PCR, indicating that nucleic acid was present. However, replicating virus was not detectable in these samples by VI. PRRSV was identified the majority of the time within lymphoid tissues of each boar rather than in reproductive or other tissues. Most boars did not have any significant gross lesions at necropsy other than a mild anterior-ventral pneumonia (boars L68-10, Y71-4, and H291-6). Lesions compatible with osteochondritis dessicans were identified in the right rear tibial tarsal joint of boar Y71-9. Lung culture from boar Y71-4 yielded Haemophilus parasuis, but culture of the joint fluid of boar Y71-9 yielded no significant bacteria. Histopa-thology revealed that all boars except L68-9 had a mild to moderate peribronchiolar lymphoid hyperplasia. No other significant histologic lesions were observed in the remaining tissues examined, and the histologic changes observed were considered to be mild in nature and not indicative of systemic disease.
Discussion
This study demonstrated variability among boars in the duration of PRRSV shedding in semen as illustrated by 1 Yorkshire boar shedding PRRSV in semen for only 4 DPI and 1 Landrace boar shedding as long as 70 DPI after being given the same PRRSV strain and dose. Thus, there are host factors that may limit the duration of shedding or allow for prolonged shedding, and Yorkshire boars may be more resistant than Landrace boars to PRRSV shedding in semen. However, these factors did not appear to be related to litter because variability in PRRSV shedding was observed within the same litter, and because of this variability, no statistical differences among breeds in shedding duration was observed. In the majority of boars, PRRSV was detected in semen for a longer period of time than in serum or PBMC samples. However, 3 of 7 boars were PRRSV positive in semen for only 4 or 11 DPI, and in these boars, serum or PBMC specimens were 
* ϩ ϭ presence of nested 236-bp PCR product; Ϫ ϭ no detection of virus in tissues by VI or PCR. needed to detect PRRSV for the longest period of time. Unfortunately, PRRSV-negative serum, semen, or PBMC may not assure that a boar is PRRSV free because some tissues, particularly the tonsil, may still contain infectious PRRSV.
In previous studies, variability in the duration of PRRSV shedding in semen has been confirmed. In 1 experiment using the same strain and dose of PRRSV isolate VR-2332 in 4 boars, viral shedding in semen occurred for 25 DPI (2 boars), 56 DPI (1 boar), and 92 DPI (1 boar). 6 In another study, after 5 boars were inoculated with the same dose of PRRSV isolate VR-2402, a range of shedding from 8 to 43 DPI was observed. 33, 34 Even among boars given a modified-live PRRSV vaccine, 4 of 5 boars shed vaccine virus within the first 14 days after vaccination, and 1 of 5 boars shed vaccine virus for 39 days after vaccination. 9 These findings indicate the unpredictability of when a boar might be shedding PRRSV in semen and that host factors rather than viral strain appear to be affecting the duration of PRRSV shedding in boar semen. In stallions infected with EAV, another arterivirus, the duration of viral shedding in semen is also quite variable. Some stallions have a short-term convalescent shedding of 2-5 weeks or may continue shedding EAV for Ն1 year. 16 In horses, EAV also has a specific breed predilection; 70% of adult Standardbred mares are seropositive, but evidence of infection is found in Ͻ3% of Thoroughbreds of similar age. 35 When purebred lines of pigs (Hampshires, Durocs, and Meishan) were inoculated with PRRSV, differences in the severity of lung lesions, number of PRRSV antigen-positive cells in the lungs, serum antibody titers, and incidence of PRRSV-induced myocarditis and encephalitis were observed among breeds. 19 Therefore, breed and litter factors might be related to PRRSV persistence. Because of the small sample sizes and the variability in duration of PRRSV shedding within breeds and litters, it is not possible to conclusively state that breed or litter do not contribute to the persistence of PRRSV in semen. However, it will be necessary to also investigate individual host factors contributing to persistence to eliminate PRRSV carriers. PRRSV persistence in the boar will also need to be defined as prolonged tissue sequestration of PRRSV, particularly in lymphoid tissues, rather than prolonged semen shedding based on the finding of PRRSV for a longer period of time in lymphoid tissues than in semen.
It was anticipated that PRRSV would be detected in semen longer than in serum in the majority of boars because this finding has been documented in other studies. 6, 34 In the current study, semen appeared to be the specimen of choice for detecting PRRSV persistence from antemortem specimens because it was PRRSV positive for the longest period of time in 4 of 7 boars as compared with either serum or PBMC.
However, in 3 of 7 boars PRRSV was detectable in serum or PBMC longer than in semen; therefore, multiple specimen types may be necessary to definitively rule out the presence of PRRSV in boars. There was no advantage in using PBMC instead of serum because PRRSV was detected in serum by VI for the same amount of time as in PBMC in 4 of 8 boars and for a longer period of time in serum than PBMC in the remaining 4 of 8 boars. The additional processing required to obtain PBMC as compared with serum is also a disadvantage. Even when PRRSV was detected for a longer period of time by PCR in PBMC from 2 of 8 boars, intermittent viremia was observed. This intermittent detection of PRRSV by PCR also occurred with serum and semen, possibly because of a low threshold of virus that cannot be detected by PCR or because viremia and PRRSV shedding in semen may truly be intermittent. However, it is still possible to detect PRRSV in a seronegative boar during the acute stages of infection. For example, in this study, if serum and semen were collected and evaluated by both PCR and serology, either PRRSV nucleic acid or antibodies could be detected.
In later stages of PRRSV infection, serum, semen, and PBMC could be PRRSV negative and the boar could still have infectious PRRSV within the tonsil. Therefore, tonsil biopsy as an antemortem specimen would be useful in identifying persistently infected boars. Although the male reproductive tract, particularly the testis, has been previously defined by others as immune priviledged, 15,32 only 1 of 8 boars had identifiable PRRSV RNA in the testis, and none of the reproductive tissues from any boar contained actively replicating virus, as tested by VI. The only tissue that contained infectious PRRSV was the tonsil, thus demonstrating that PRRSV persists primarily within lymphoid tissues, specifically the tonsil and not the reproductive tract of the boar. In a previous study of 7 vasectomized or nonvasectomized boars, 6 of 7 also had infectious PRRSV within the tonsil at 21 DPI, and the remaining boar still had PRRSV within the tonsil as detected by PCR. 8 Other studies using younger pigs have documented the presence of PRRSV in the tonsil by VI through 157 DPI. 38 PRRSV was identified in the tonsil of 1 of 4 of these pigs 134 days after PRRSV isolation from serum. In another study, when 3-weekold pigs (n ϭ 90) were inoculated with PRRSV, all had detectable, actively replicating PRRSV in tissues, tonsil homogenates, or oropharygeal scrapings at 63 DPI (Horter DC et al., 1999, Conf Res Workers Anim Dis, Abstract 177). When 7-week-old pigs (n ϭ 28) were inoculated with PRRSV, the virus could be isolated from tonsil through 56 DPI (Wills RW: 1999, Conf Res Workers Anim Dis, Abstract 178). Both of these studies also documented a decline over time in the percentage of animals persistently infected with PRRSV, indicating that some animals may clear the virus and others may remain persistently infected. When sows were inoculated with PRRSV at 90 days of gestation, PRRSV was also isolated from tonsil and lymph nodes of PRRSV-infected piglets for up to 132 days postfarrowing. 2 When persistently infected piglets were then placed with sentinels, all of the sentinels seroconverted to PRRSV except those exposed to PRRSV-infected pigs at 260 days postfarrowing. This study demonstrated that the presence of PRRSV in tissues has biological significance. However, because transmission did not occur in sentinels exposed to PRRSV-infected pigs at 260 days postfarrowing, PRRSV may not necessarily result in a life-long carrier state and pigs may eventually eliminate the virus. The inability to detect PRRSV by VI or PCR in the tissues of 1 boar at 88 DPI may also indicate elimination of the virus. Five of 8 boars did not have detectable PRRSV in any tissue evaluated by VI from 47 through 88 DPI. Even though 4 of 5 of these boars had a few tissues that were PRRSV positive by PCR, the presence of infectious PRRSV as indicated by positive VI was not detected. Because PCR amplifies a portion of the PRRSV genome but not necessarily infectious virus, these boars may not have been able to transmit infectious virus. To prove whether infectious virus was present and could be transmitted, sentinel animals would need to be used. Tissues that were PCR positive and VI negative for PRRSV may also indicate that the level of replicating virus may be below the sensitivity of the VI assay or that some antibody could have interfered with VI. It is also possible that viral RNA alone may not exist without the virion because of nucleases present in biologic specimens. It is prudent therefore to regard specimens that are PRRSV positive by PCR as potentially infectious. However, there is still a possibility that boars may clear the infection, as demonstrated in a previous study of 3 boars. 6 After serum and semen specimens were PRRSV negative, reinoculation and a shipping stress test were performed at 126 DPI, but no further shedding or viremia occurred. 6 The possibility of PRRSV clearance allows for quarantine programs that could eliminate persistent PRRSV carriers. When serologically PRRSV positive boars were isolated for Ն25 days, only 12 of 131 (9.1%) boars had PRRSV-positive semen as detected by PCR, and 7 of 440 (1.6%) had PRRSV-positive semen after being quarantined for Ն45 days (Eisenhart M: 1998, Allen D. Leman Swine Conf. Abstr 25:41). It may be possible to eliminate persistently infected boars by instituting a quarantine of Ն45 days along with evaluation of a tonsil biopsy by PCR.
The results of this study suggest that there might be genetic, breed, or litter factors contributing to the duration of PRRSV shedding in semen. However, a larger number of boars would be necessary to confirm this the existence of these factors. In regard to PRRSV persistence in the boar, sampling of semen, serum, or PBMC should not be the only means used to detect boars that might transmit PRRSV. Persistence of PRRSV appears to be primarily within lymphoid tissues, specifically the tonsil, rather than in the reproductive tract of the boar. Therefore, sampling of tonsillar tissue of boars may be necessary to identify and study persistent PRRSV carriers. Boars might eventually eliminate the virus; thus, PRRSV infection in boars may not necessarily result in a life-long carrier state.
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